Infection of cells by foot-and-mouth disease virus (FMDV) results in the rapid inhibition of host cell protein synthesis. This process is accompanied by the early cleavage of the translation initiation factor eIF4G, a component of the cap-binding complex eIF4F. This cleavage is mediated by the leader (L) protease. Subsequently, as the virus proteins accumulate, secondary cleavages of eIF4G occur. Furthermore, eIF4A (46 kDa), a second component of eIF4F, is also cleaved in these later stages of the infection cycle. The 33-kDa cleavage product of eIF4A has lost a fragment from its N terminus. Transient-expression assays demonstrated that eIF4A was not cleaved in the presence of FMDV L or with the poliovirus 2A protease (which also mediates eIF4G cleavage) but was cleaved when the FMDV 3C protease was expressed. The FMDV 3C protease was also shown in such assays to induce cleavage of eIF4G, resulting in the production of cleavage products different from those generated by the L protease. Consistent with these results, within cells infected with a mutant FMDV lacking the L protease or within cells containing an FMDV replicon lacking L-P1 coding sequences it was again shown that eIF4A and eIF4G were cleaved. (FMDV), an aphthovirus, is a member of the family Picornaviridae, which also includes the enteroviruses, and rhinoviruses, and cardioviruses. In common with other picornaviruses, the FMDV RNA genome encodes a single large polyprotein which is proteolytically cleaved by internal proteases to produce the mature viral proteins (reviewed in references 2 and 57). FMDV RNA encodes two distinct trans-acting proteases, the leader (L) protease and the 3C protease. The L protein cleaves itself from the P1-2A structural protein precursor, while the 3C protease is responsible for most of the polyprotein cleavages. Poliovirus (PV) (like other enteroviruses) and the rhinoviruses do not produce a leader protein, but these viruses also encode a second protease, 2A, in addition to the 3C protease. The cardioviruses, e.g., encephalomyocarditis virus (EMCV), do produce a leader protein, but this has no proteolytic activity and only the 3C protein has trans-acting protease activity. The FMDV L protease is a member of the papain-like family of cysteine proteases (56), whereas the enterovirus 2A and all 3C proteases are members of the trypsin-like family of proteases (reviewed in reference 58).
Foot-and-mouth disease virus (FMDV)
, an aphthovirus, is a member of the family Picornaviridae, which also includes the enteroviruses, and rhinoviruses, and cardioviruses. In common with other picornaviruses, the FMDV RNA genome encodes a single large polyprotein which is proteolytically cleaved by internal proteases to produce the mature viral proteins (reviewed in references 2 and 57). FMDV RNA encodes two distinct trans-acting proteases, the leader (L) protease and the 3C protease. The L protein cleaves itself from the P1-2A structural protein precursor, while the 3C protease is responsible for most of the polyprotein cleavages. Poliovirus (PV) (like other enteroviruses) and the rhinoviruses do not produce a leader protein, but these viruses also encode a second protease, 2A, in addition to the 3C protease. The cardioviruses, e.g., encephalomyocarditis virus (EMCV), do produce a leader protein, but this has no proteolytic activity and only the 3C protein has trans-acting protease activity. The FMDV L protease is a member of the papain-like family of cysteine proteases (56) , whereas the enterovirus 2A and all 3C proteases are members of the trypsin-like family of proteases (reviewed in reference 58).
The infection of cells by FMDV results in the inhibition of host cell protein synthesis. This process is accompanied by the cleavage of the translation initiation factor eIF4G (formerly termed p220) (42) , a scaffold component of the cap-binding complex eIF4F, which also contains eIF4E and eIF4A. Two distinct binding sites on eIF4G for eIF4A, an RNA helicase, have been identified (27) , as have distinct sites for interaction with eIF4E, the cap-binding protein (43) , and eIF3 (40) . Recently, binding sites for the poly(A)-binding protein (29) and the eIF4E kinase termed Mnk-1 (55) on eIF4G have also been identified. Two forms of eIF4A, termed eIF4AI and eIF4AII, which are 91% identical to each other have been found within mammalian cells (46) . Furthermore, a second form of mammalian eIF4G, termed eIF4GII, has also been identified (24) ; this protein is a functional homologue of eIF4GI, although it is only about 50% identical in amino acid sequence.
The cleavage of eIF4G is achieved by the L protein of FMDV (15, 44) . The L protein is produced in two forms, termed Lab and Lb, as a result of initiation of protein synthesis at two different AUG codons, 84 nucleotides apart (1, 60) . Expression of either species of L results in the cleavage of eIF4G (44) . The site in eIF4G cleaved by FMDV L in vitro has been identified as the C-terminal side of residue 479 (36) (residue 635 with the revised numbering system [29] ). In PVor rhinovirus-infected cells eIF4G is also cleaved (19, 20) . The 2A proteases from these viruses are responsible for the cleavage of eIF4G (37) . The site in eIF4G cleaved by the 2A proteases in vitro is adjacent to residue 486 (39) (residue 642 with the revised numbering system [29] ).
Translation of picornavirus RNA is dependent on the presence of an internal ribosome entry site (IRES) element within the 5Ј noncoding region (reviewed in references 6 and 31). These elements are about 450 bases in length and direct internal initiation of protein synthesis, which is maintained when cap-dependent protein synthesis is inhibited following the cleavage of eIF4G. The IRES-directed translation requires the same translation initiation factors as cap-dependent protein synthesis, except for the eIF4E and eIF4G components of eIF4F (52) . It has been shown that a region of eIF4G (residues 457 to 1396 [now residues 613 to 1560]), like the very similar C-terminal cleavage products generated by the L and 2A proteases, can replace the full-length eIF4G for EMCV IRESdirected translation initiation (10, 47, 53) . This region contains the two eIF4A binding sites but lacks the eIF4E binding site. Both cap-dependent protein synthesis and IRES-directed (cap-independent) protein synthesis are inhibited by dominant negative mutants of eIF4A (49) , even though the ATP requirement, reflecting RNA unwinding by eIF4A, for IRES-directed translation is low (30) .
There is generally a good correlation between loss of cap-dependent protein synthesis and the cleavage of eIF4G within PV-infected cells; however, under certain conditions this correlation can break down (9, 51) . This suggests that other mechanisms are involved in the inhibition of host cell protein synthesis. Indeed, in EMCV-infected cells no cleavage of eIF4G occurs (45) , but the inhibition of cap-dependent protein synthesis is coincident with the dephosphorylation (and hence activation) of the translational repressor 4E-BP1 (23, 50) . The identification of eIF4GII and the observation that its cleavage can have kinetics different from those of eIF4GI within PVinfected or rhinovirus-infected cells (25, 61) further demonstrate the complexity of the shutoff process.
In this study it is demonstrated that the FMDV 3C protease, in addition to the FMDV Lb protease, induces the cleavage of the translation initiation factor eIF4G and furthermore that eIF4A is also cleaved in FMDV-infected cells through the action of the 3C protease alone.
MATERIALS AND METHODS

FMDV infection.
Monolayer cultures of baby hamster kidney (BHK) or MadinDarby bovine kidney (MDBK) cells were infected with FMDV (O1Kaufbeuren B64 or O1BFS, respectively) in phosphate-buffered saline. After 30 min of virus absorption, virus growth medium (1% serum) was added to the cells, and incubation was continued until the indicated times (time zero was the time when virus was added to the cells). Where appropriate, metabolic labelling with [ 35 S] EXPRESS (NEN) was performed in Met-and Cys-free and serum-free Dulbecco modified Eagle medium for 15 min. Cell extracts were prepared with buffer C (0.125 M NaCl, 20 mM Tris-HCl [pH 8.0], 0.5% NP-40). Aliquots were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (38) (6 or 10% polyacrylamide as indicated), and 35 S-labelled proteins were visualized by autoradiography. Alternatively, samples analyzed by SDS-PAGE were transferred onto Immobilon-P (Millipore) and probed with rabbit antibodies specific for eIF4G (1:3,000; kindly provided by N. Sonenberg, Montreal, Canada), eIF4A (1:1,000) or eIF4B (1:1,000; both kindly provided by N. Méthot, Montreal, Canada), or actin (1:1,000; Sigma) or with mouse ascitic fluid containing an anti-eIF2␣ monoclonal antibody (MAb) (1:1,000; kindly provided by C. G. Proud, Dundee, United Kingdom) or anti-FMDV 3C MAb 1G1 (1:1,000; kindly provided by E. Brocci, Brescia, Italy). Rabbit antisera specific for the N-or C-terminal region of eIF4A (kindly provided by S. J. Morley, Sussex, United Kingdom) were also used at a 1:1,000 dilution. Detection on X-ray film was achieved by using peroxidase-linked donkey anti-rabbit immunoglobulin (Ig) or sheep anti-mouse Ig (1:3,000; Amersham) as appropriate and chemiluminescent reagents (Pierce).
FMDV A12-LLV2 (54) (kindly provided by M. J. Grubman, Plum Island, N.Y.) was used to infect monolayers of BHK cells, and samples were harvested at 8 or 16 h postinfection and analyzed as described above. At the latter time, significant cytopathic effect (CPE) was evident.
Transient-expression assays. BHK cells were infected with the recombinant vaccinia virus vTF7-3 (22) , which expresses the T7 RNA polymerase, and then transfected with plasmid DNA (2 g) containing a T7 promoter by using Lipofectin (Life Technologies) and Optimem as described previously (5) . After 20 h, cell extracts were prepared. SDS-PAGE and immunoblot analysis were performed as described for the FMDV-infected cell extracts.
The plasmids used have been described previously (3, 34, 44) or are shown in Fig 3A. The derivatives of pSKRHCA103 were prepared by standard methods (59) . The parental plasmid was digested with BamHI or ApaI, and the large fragment was self-ligated to produce pSKRH⌬Bam (see Fig. 3A ) and pSK⌬Apa (not shown), respectively. The latter plasmid was linearized with ApaI, blunt ended with T4 DNA polymerase, treated with phosphatase, and ligated to the small EcoRI fragment (blunt ended) from pSKRHCA103 to produce pSKRH3C (see Fig. 3A ). The plasmid pSKRClaCAK (which has a precise deletion of the L-coding sequence) was produced by a three-way ligation of EcoRI-and SmaI-digested pSKϩ (Stratagene) with the ClaI (blunt ended)-EcoRI fragment from pSKRCla (16) containing the FMDV IRES with the large EcoRV-DraI fragment from pCAK (4).
FMDV replicon. A plasmid (pT7Rep) encoding an FMDV replicon based on the type O infectious-copy cDNA pT7S3 (18) was constructed by deleting sequences between a SnaBI site engineered just 3Ј of the Lb initiation codon and a blunt-ended Bsu361 site (within P1). The FMDV sequences were replaced with a PCR-generated fragment including the chloramphenicol acetyltransferase-coding sequence flanked by cleaved SnaBI and EcoRV restriction sites to restore the open reading frame. Replication-defective versions of pT7Rep and pT7S3 were produced by digestion with ApaI and recircularization to produce pT7Rep⌬Apa and pT7S3⌬Apa, respectively, which lack a major portion of the nonstructural protein-coding sequence (see Fig. 6A ). A full description of these plasmids will be published elsewhere (G. M. McInerney, G. J. Belsham, and A. M. Q. King, unpublished results). RNA transcripts were prepared from the HpaI-linearized forms of these plasmids with T7 RNA polymerase by using an Ambion Megascript kit and introduced into BHK cells by electroporation with a Bio-Rad Gene Pulser. Significant CPE could be observed in cells containing replication-competent RNAs by 6 to 8 h postelectroporation. For these analyses, cell extracts were prepared at 6 h postelectroporation and analyzed for eIF4G and eIF4A as described above.
RESULTS
eIF4A and eIF4G are cleaved in FMDV-infected cells. FMDV infection of BHK cells results in the rapid loss of host cell protein synthesis and a switch to the production of virusencoded proteins (Fig. 1A) . It is apparent that the highest rate of viral protein synthesis occurred at about 3 h postinfection in these cells. At later stages of infection there was some decrease in the rate of virus-encoded protein production, although the rate remained significant up to 6 h postinfection, when the experiment terminated. The cells showed significant CPE by about 4 h postinfection. The effect of the FMDV infection on a selection of translation initiation factors was assessed by immunoblotting cell extracts with a panel of specific antibodies. Figure 1B shows the analysis of eIF4G cleavage during this time course. Even at 1 h postinfection a major portion of this protein is cleaved, and by 2 h postinfection cleavage is complete, consistent with previous data (42) . However, it is also apparent that subsequently the N-terminal cleavage products of eIF4G detected by this antibody (from rabbit 1620 [14a] ) also decayed; thus, from 4 to 6 h postinfection most of these initial cleavage products have been lost. The same extracts were also analyzed for the presence of eIF4A (Fig. 1C) . Unexpectedly, it was apparent that this initiation factor was also cleaved during the FMDV infection. The full-length eIF4A migrates at about 46 kDa, and the cleavage product migrates at about 33 kDa. The kinetics of eIF4A cleavage were clearly very different from those observed for eIF4G. The eIF4A cleavage product was observed from about 3 h postinfection and reached a plateau at about 4 to 5 h postinfection, with similar intensities of signal for the cleaved and intact forms of eIF4A. To check that this cleavage was not a reflection of general proteolytic degradation of cellular proteins, eIF2␣, eIF4B, and actin were also examined. No significant loss of eIF2␣ (Fig.  1D) or actin (Fig. 1F ) occurred throughout the time course, but a small change in the mobility of eIF4B was observed (Fig.  1E) , perhaps reflecting modification of its phosphorylation state, in addition to a moderate decrease in its overall quantity. For reasons that will become apparent below, we also monitored the generation of the FMDV 3C protease (Fig. 1G) ; it is apparent that significant accumulation of this protein occurred from about 3 h postinfection. Since all picornavirus proteins are produced from a single polyprotein, it is expected that the production of all of the mature virus-encoded proteins will follow similar kinetics, although some particular processing intermediates may have distinct patterns of production.
To confirm the observation of eIF4A cleavage in FMDV-infected cells, a similar experiment was performed with bovine cells and the O1BFS strain of FMDV. The infection progressed more slowly in these cells. However, the key findings of eIF4G cleavage occurring early in infection followed by a subsequent decay of the initial cleavage products and the incomplete eIF4A cleavage occurring late in infection were again observed (data not shown). BHK cells infected with serotype A and SAT2 FMDVs have also been shown to have the same pattern of eIF4G and eIF4A cleavage (data not shown). Thus, these observations are consistent for different sources of virus and host cell.
The change in mobility of eIF4A during FMDV infection was assumed to reflect loss of one terminus of the protein. In order to determine which terminus of eIF4A was being removed, samples from mock-infected and FMDV-infected cells were analyzed by immunoblotting with antisera specific for synthetic peptides derived from the N-and C-terminal regions of eIF4A. The N-terminal region-specific antibody recognized only full-length eIF4A ( Fig. 2A) . However, the C-terminal region-specific antibody recognized both full-length eIF4A and the cleavage product (Fig. 2B) , indicating that the cleavage product had lost the original N terminus of eIF4A. Interestingly, the N-terminal region-specific antibody recognized a doublet of eIF4A species, perhaps eIF4AI and eIF4AII ( Fig.  2A) . However, the C-terminal region-specific antibody and that raised against recombinant eIF4AI specifically recognized only a single species of eIF4A, corresponding to eIF4AI, in uninfected cells (Fig. 1C and 2B ). Since these two antisera both recognize the cleavage product, it seems that the fragment observed is derived from eIF4AI. However, this does not exclude eIF4AII also being cleaved, since its cleavage product may not be recognized by any of these antisera.
FMDV 3C induces cleavage of eIF4A in cells. Two distinct trans-acting proteases (i.e., L and 3C) are produced by FMDV within cells; thus, it was necessary to use a different assay system to identify which virus-encoded enzyme is responsible for inducing the cleavage of eIF4A. Plasmids carrying cDNA cassettes of either the FMDV polyprotein (Fig. 3A) , the FMDV Lb protease (from pLb [44] ) or the PV 2A protease (from pA⌬802 [34] ) under control of a T7 promoter were transfected into BHK cells infected with the recombinant vaccinia virus vTF7-3 (22) , which expresses the T7 RNA polymerase. Cell extracts were prepared, and eIF4A was analyzed by immunoblotting as described above. Neither FMDV Lb nor the PV 2A protease had any effect on eIF4A (Fig. 3B) . However, cleavage of eIF4A to generate a cleavage product with migration identical to that detected in FMDV-infected cells was observed in extracts expressing pSKRHCA103 (containing a truncated, inactive version of the Lb protease but with the intact FMDV 3C protease) (Fig.  3B) . To confirm the role of 3C, two derivatives of pSKRHCA103 were prepared, namely, pSKRH⌬Bam (which lacks the 3C protease) and pSKRH3C (which essentially encodes only 3C) (Fig. 3A) . These plasmids were also assayed, and as expected, eIF4A cleavage was detected with pSKRHCA103 and pSKRH3C but not with pSKRH⌬Bam (Fig. 3C) .
FMDV 3C induces cleavage of eIF4G. In similar studies, transfected-cell extracts were also analyzed for the cleavage of eIF4G by the viral proteases. As expected, eIF4G was cleaved by PV 2A (from plasmids pA⌬258 and pA⌬802 [34] ) and FMDV L (from pLb [44] and pSKRHMR1 [3] [Fig. 3A] ) to produce very similar cleavage products (Fig. 4A) . However, unexpectedly, it was also found that plasmids which express the FMDV 3C protease, without the FMDV L protease or with a severely truncated inactive form of the L protease (pSKRClaCAK 3A] and pSKRHCA103 [3] ) also induced cleavage of eIF4G (Fig. 4A) . This 3C-mediated cleavage of eIF4G yielded products, detected by this N-terminal region-specific antibody, which migrated slightly more slowly than those generated by PV 2A or FMDV L protease (Fig. 4A ), indicating that a different cleavage site in eIF4G was recognized. When the plasmid included both FMDV L and 3C sequences (i.e., pSKR HMR1), the pattern of eIF4G cleavage products observed was the same as that observed with FMDV Lb alone (Fig. 4A) . To analyze this process further, extracts from cells transfected with plasmids encoding FMDV Lb (pLb and pSKRHMR1), FMDV 3C (pSKRH3C and pSK3C), or PV 2A (pA⌬258 and pA⌬802) were analyzed with the anti-eIF4G antibody used above (Fig. 4B) and also with an antibody specific for the C-terminal fragment of eIF4G (Fig. 4C) . The results demonstrated that the C terminus of eIF4G generated by the expression of FMDV 3C is smaller than the product induced by FMDV Lb or PV 2A (Fig. 4C; c. f. the larger fragment of eIF4G recognized by using the N-terminal region-specific anti-eIF4G antiserum in Fig. 4B ) in cells expressing FMDV 3C. This indicates that the cleavage site generated by FMDV 3C expression lies C terminal of residue 642 (in the revised numbering system).
L protease-independent modification of cellular translation factors within FMDV-infected cells. It was important to verify that the results obtained within the transient assay reflected the processes occurring within FMDV-infected cells. Hence, we made use of two different systems to analyze the effect of replicating mutant FMDV genomes which lack the L proteasecoding sequence on eIF4G and eIF4A. A mutant of the A12 strain of FMDV, termed A12-LLV2, in which the Lb-coding sequence has been precisely deleted has been described previously (54) . This virus is attenuated but does induce a delayed inhibition of host cell protein synthesis, and loss of eIF4G was observed. However, it was possible that this effect was simply a consequence of general protein degradation late in infection. Based on the observations described above, it could be predicted that both eIF4G and eIF4A should be cleaved by FMDV 3C within A12-LLV2-infected cells. To examine this, cells were infected with the mutant virus and cell extracts were prepared at 8 and 16 h postinfection. At the latter time significant CPE was apparent. By using immunoblot analysis, it was apparent that specific degradation of both eIF4G and eIF4A occurred in the A12-LLV2-infected cells, generating the characteristic pattern of cleavage products (Fig. 5) .
In an alternative approach, a replicon based on the FMDV genome in which the L-coding sequence and part of the P1-coding sequence have been replaced by the chloramphenicol acetyltransferase-coding sequence has been produced. The structure of the replicon is indicated in Fig. 6A . This is the first FMDV-derived replicon reported and will be described in more detail elsewhere (McInerney et al., unpublished results). RNA transcripts from the full-length plasmid (pT7Rep) and from a control plasmid in which much of the replicative protein-coding sequences have been removed (pT7Rep⌬Apa [Fig.  6A] ) were produced. In parallel, transcripts from a full-length infectious copy of type O FMDV (pT7S3 [18] ) and its replication-defective derivative pT7S3⌬Apa (Fig. 6A) were also prepared. All four transcripts were introduced separately into BHK cells by electroporation, and cell extracts were prepared after 6 h. Immunoblot analysis of eIF4G showed that it was cleaved in cells containing the functional (but L-deficient) replicon pT7Rep but not in cells containing the replication-and 3C-deficient version pT7Rep⌬Apa (Fig. 6B) . In contrast, in cells containing transcripts which encoded the L protease, the eIF4G was cleaved with or without RNA replication (Fig. 6B) . The cleavage of eIF4A was observed in cell extracts containing both of the replication-competent RNAs (Fig. 6C) but not in control cells or when 3C was removed and replication was blocked.
DISCUSSION
It has been known for some time that the picornavirus proteases cleave certain cellular proteins in addition to cleaving FIG. 4 . FMDV 3C induces cleavage of eIF4G (A). BHK cells were infected with vTF7-3 (as for Fig. 3 ) and transfected with the indicated plasmids (Fig. 3A) . After 20 h, cell extracts were prepared and analyzed by SDS-PAGE (6% polyacrylamide) and immunoblotting with an N-terminal region-specific anti-eIF4G antiserum. (B and C) In a similar experiment vTF7-3-infected BHK cells were transfected with the indicated plasmids, and cell extracts were analyzed by SDS-PAGE (6% polyacrylamide) and immunoblotting with antisera specific for the N-terminal region of eIF4G (B) or the C-terminal fragment of eIF4G (C).
the viral polyprotein. The cleavage of eIF4G by PV 2A and FMDV L proteases has been well characterized and is clearly important in the biology of these picornaviruses, since it contributes to the inhibition of host cell protein synthesis.
Analysis of PV-infected cells has also revealed the PV 3C-dependent cleavage of certain transcription factors (13, 14, (62) (63) (64) which may be responsible for the virus-induced loss of host cell transcription. Furthermore, the microtubule-associ- (18) and the sequences removed (by digestion of the cDNA with ApaI and religation) to generate the nonreplicating derivatives of the replicon (pT7Rep⌬Apa) and its parent (pT7S3⌬Apa). Restriction sites: A, ApaI; H, HpaI; RV, EcoRV. (B and C) RNA transcripts prepared from HpaI-linearized plasmids by using T7 RNA polymerase were electroporated into BHK cells. After 6 h cell extracts were prepared and analyzed for eIF4G (B) and eIF4A (C) as for Fig. 3 and 4 .
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ated protein 4 has been shown to be cleaved by PV 3C, which may influence cell morphology (32) . The double-stranded RNA-activated protein kinase, PKR, is also degraded during PV infection (7, 8) ; presumably this assists the virus in avoiding the host defense system, which could inhibit all protein synthesis through the phosphorylation of eIF2␣. Recently evidence has been presented that the poly(A)-binding protein is also cleaved late in PV-infected cells (33, 35) , and both the 2A and 3C proteases have been implicated in this cleavage event.
Within FMDV-infected cells, cleavage of histone H3 has been observed (21) , and it has been suggested this may have a role in the inhibition of host cell transcription. Within cell extracts, it has been shown that recombinant FMDV Lb protease can cleave a variety of substrates (65) . This is the first report that the FMDV 3C protease induces the cleavage of cellular translation initiation factors. The evidence from the transient-expression assays showed that FMDV 3C is able to induce the cleavage of both eIF4A and eIF4G. The delayed appearance of eIF4A cleavage products (c.f. the rapid generation of the eIF4G cleavage products) within FMDV-infected cells is entirely consistent with the kinetics of FMDV 3C accumulation (Fig. 1 ). This contrasts with the L-mediated cleavage of eIF4G, which occurs before detectable accumulation of virus-encoded proteins. However, the secondary decay of eIF4G cleavage products does occur after 3C protein has significantly accumulated. The secondary decay of eIF4G products in FMDV-infected cells contrasts with the stability of the primary cleavage products in PV-infected and rhinovirus-infected cells (19, 61) and with the complete stability of eIF4G in EMCV-infected cells (45) . The data presented here shows that in the presence of both L and 3C proteases, the pattern of eIF4G products observed is very similar to that observed to result from the activity of L alone (Fig. 4) . This probably reflects the fact that the L-mediated cleavage of eIF4G occurs at low levels of L protease expression, and by the time sufficient 3C accumulates to achieve significant cleavage, all of the eIF4G has already been cleaved by the L protease. However, it seems possible that the decay of the initial Nterminal eIF4G cleavage products in FMDV-infected cells represents cleavage of these products by 3C alone or possibly by 3C and L together, since secondary cleavages of eIF4G by L have been observed in vitro (40) . It should be noted that the mapping of the cleavage site generated by FMDV 3C indicates that it is on the C-terminal side of the site cleaved as a result of FMDV L protease expression. Hence, the loss of the initial cleavage products must represent cleavages at different sites. It is possible that the initial cleavage of eIF4G reveals new cleavage sites within the N-terminal domain which are susceptible to attack by either the L-or 3C-dependent process.
There is still some controversy concerning whether eIF4G cleavage induced by PV 2A expression is a direct event or not. In vitro analysis indicates that direct cleavage is possible (11, 26, 39) ; however, other studies have indicated the separation of eIF4G cleavage activity from PV 2A (12, 41) . It has been proposed that a cellular protease is activated by the viral proteases, since only very low levels of PV 2A and FMDV L are required within infected cells to bring about complete eIF4G cleavage (12) and ( Fig. 1 and 6 ). In vitro, rather high levels of protease are required; however, these levels can be reduced by the inclusion of eIF4E (26) . Thus, it may be that the presence of other proteins within the infected cell markedly increases the susceptibility of eIF4G to cleavage by low-level viral protease. It remains to be determined whether the cleavage of eIF4G or eIF4A by FMDV 3C is achieved by a direct or indirect mechanism.
Loss of the N-terminal cleavage products of eIF4G may not have any significant effect on the translation of the viral RNA, since only part of the C-terminal region of eIF4G (residues 480 to 1396 [now residues 636 to 1560]) is required (by analogy to other picornaviruses [10, 47, 53] ) for IRES activity. It is apparent that the viral RNA continues to be translated when almost complete loss of the N-terminal cleavage products of eIF4G has occurred (Fig. 1) . Presently, the form of eIF4G which remains in these cells is not known. It has been shown that a central region (amino acids 457 to 932 [now residues 613 to 1086]) of eIF4G, which includes a single eIF4A binding site is sufficient to replace eIF4G for the formation of a preinitiation complex on the EMCV IRES (53) . Further analysis of the residual form of the eIF4G late in FMDV-infected cells may permit characterization of the minimal element required to support FMDV IRES activity. The cleavage of eIF4A is a process which may be expected to be unfavorable for the virus, since eIF4A is required for the virus RNA to be translated (49) . However, since the cleavage is only partial, this may not be very serious for the cellular translation machinery, since eIF4A is the most abundant of the translation initiation factors. It is possible that partial loss of this protein may reflect the loss of only one of the two eIF4A species, eIF4AI and eIF4AII, present within mammalian cells. As explained above, it seems probable that in our analysis we are monitoring eIF4AI; indeed, we have recently demonstrated cleavage within cells of a tagged cDNA clone of human eIF4AI by FMDV 3C protease (N. Ross-Smith and G. J. Belsham, unpublished results). Furthermore, it may be only the eIF4A associated with the cleaved eIF4G (and/or other proteins, e.g., p97 [28] , which also bind eIF4A), or, conversely, the eIF4A that is outside such complexes, that is susceptible to cleavage. If any of these scenarios are correct, then clearly the complete loss of one population of eIF4A may have a significant effect on the cell if the different pools of eIF4A have distinct roles. The data obtained by using the antipeptide antisera specific for the two termini of eIF4A clearly demonstrated that the cleavage product has lost the N terminus of the native molecule (this result is also confirmed by the generation of a 33-kDa cleavage product carrying a C-terminal tag from the eIF4AI clone in the presence of FMDV 3C as discussed above [Ross-Smith and Belsham, unpublished results]). Near the N terminus of eIF4A is one of the conserved ATPase motifs characteristic of the DEAD box family of proteins (48) . The change in mobility (from 46 to 33 kDa), if accurately representing the size change, indicates a loss of about 100 amino acids. The loss of this much sequence can be expected to inactivate the protein; however, it should also be borne in mind that although the protein sequence is cut in the presence of FMDV 3C, the protein segments may not dissociate within the cell and the fragments may continue to function together. Alternatively, the cleavage product may act as a dominant negative inhibitor (49) and thus exert a negative effect on viral protein synthesis. It is interesting that no cleavage of eIF4A has been detected in PV-infected or EMCV-infected cells (17; A. Gradi, Y. V. Svitkin, and N. Sonenberg, personal communication). One possible role for a reduction in the capacity of the cell to produce viral protein late in the infection cycle would be to enhance the packaging of RNA transcripts into capsids, rather than the RNA just being used to produce more protein.
It was noted that intact eIF4G was lost late in infection with the leaderless form of FMDV, A12-LLV2 (54), but it was not established whether this was merely a consequence of cellular breakdown. The results obtained here indicate that the FMDV 3C within this mutant virus can induce specific cleavage of eIF4G and also eIF4A. It seems likely that late in infection the accumulation of 3C within the cell exceeds the requirement for polyprotein processing, and hence cleavage of alternative substrates is facilitated.
As noted above, no loss of the initial eIF4G cleavage products occurs in PV-infected or rhinovirus-infected cells (19, 61) , and no breakdown of intact eIF4G occurs in EMCV-infected cells (45) . Thus, not all picornavirus 3C proteases have the ability to cleave eIF4G or, as described above, eIF4A. Hence, from these results it can be concluded that only the FMDV 3C protease is capable of inducing the cleavage of eIF4A and eIF4G, while the FMDV Lb and PV 2A proteases each mediate cleavage of eIF4G but not eIF4A and other picornavirus 3C proteases cleave neither of these factors within cells.
